subject scintillators to higher doses of radiation than ever before. Currently available plastic scintillators are susceptible to radiation damage and their light yield decreases with exposure time. A radiation hard plastic scintillator can be defined as a scintillator that can recover a substantial amount of its light output in a short time after being irradiated. In an attempt to accelerate the annealing period and reduce permanent damage, plasticizers have been added to the polymer base to enhance chain mobility.2 Unfortunately, this approach may give rise to a new drawback. The dopants may now also have higher mobility and diffuse out of the polymer matrix. In order to avoid this problem, the dopants could be covalently bound to the polymer matrix. 3 The introduction of molecules of luminophores into polymer chains sometimes can increase resistance of luminophores4 or polymers5 to ultra-violet light. Let us assume that the covalent bonding of luminophoric dopants with the polymer matrix of a scintillator can also increase its stability toward ionizing radiation. There are literature data6,7 concerning the introduction of biphenyl, naphthalene and p-terphenyl into a polymer chain by copolymerization of their vinyl derivatives with styrene. The aforementioned authors observed some increase in radiation stability of copolymers of styrene or 2,4-dimethylstyrene with vinylbiphenyl in comparison with homopolymers which have no fragments ofbiphenyl.
An investigation of the radiation stability of scintillators with a matrix of copolymers of styrene and 12 different fluorescent compounds has been made. The fluorescent monomers contained one or two unsaturated groups, such as vinyl, methacryl, -ally!. The 4'-vinyl-9, 10-diphenylanthracene has been obtained from 9, 10-anthraquinone, phenylmagnesiumbromide and 4-magnesiumbromstyrene. Methacryl-and allylderivatives of dyes have been obtained by treatment of aminoderivatives of dyes with chloranhydride methacrylic acid or allylc~loride, respectively. Other new dyes have been synthesized by methods given in reference 3.
In table 1 we give the chemical structure of the fluorescent monomers and the wavelengths of the maxima in their absorbance and fluorescence spectra in styrene solution. The spectral properties of most of these compounds make them suitable for use as secondary dopants in polystyrene scintillators. However, some of them, e.g. 4-vinyl-p-terphenyl, can be used as primary dopants.
In order to understand the influence of the covalent bonding of luminophoric dopants with polystyrene matrix, whenever possible we compared the transmittance and fluorescence spectra and the light yields of polystyrene scintillators with dopants of similar structure but without the presence of a vinyl group.
In table 2, the composition and characteristics of the resulting scintillators are shown. In these compositions p-terphenyl (PTP) or 2-(4-biphenylyl)-5-(4-tertbutylphenyl)-1,3,4-oxadiazole (BPBD) are used as primary dopants. Comparing the two systems, we can see that the fluorescent properties and light output of each are similar before irradiation. The only exception is the copolymer of styrene with 9-vinylanthracene (#2). Its light yield is twice as much as the light yield of the polystyrene scintillator with anthracene (#2') as the secondary dopant. The increased fluorescence quantum yield of the 9-alkyl derivatives of anthracene in comparison with the yield of anthracene7 is the explanation of this difference. It would have been better to have used 9-methylor 9-ethyl anthracene as secondary dopants for a more correct comparison.
A decrease of transmittance and light yield is observed after gammairradiation to 10 Mrad in a nitrogen atmosphere. Immediately after irradiation, the light yield is one-third to one-sixth what it was before. After annealing in oxygen atmosphere (7 days, 160 psig) the light yield is one-half to one-fourth as much as it was before. If we compare bound and unbound luminophore systems using the data from the last 2 columns of table 2, we see that in the case of systems 2 and 2' the bound luminophore retains less of its light output after irradiation and annealing. In the case of systems 7 and 7' the amount retained is about the same. In the case of systems 3 and 3' the bound luminophore retains more of its light output.
Luminophoric dopants with two methacrylic groups are very interesting because these compounds can produce cross-linked copolymers after polymerization with styrene. The advantage of cross-linked copolymers is that they may make possible the use of large concentrations of diffusion enhancers. Such concentrations would otherwise cause a softening of linear polystyrene.
In table 3 are listed two dimethacrylic compounds and one methacrylarnide compound with green fluorescence. Also shown are the fluorescence maxima, the relative brightness, and the decay time of copolymers of styrene with these lurninophores. The brightness of the copolymers has been measured in As we did with the systems in table 2, we have compared the light output before and after irradiation of scintillators based on copolymers of styrene and reactive primary dopants with the light output of scintillators based on solid solutions in polystyrene of dopants of similar structure. We have obtained the best light output before irradiation (38% of BC408) and the best light output after irradiation and 33 days annealing (76% of the before irradiation measurement) for the composition with diphenylanthracene as the primary dopant. By comparing the data from sample 2 with 2', and sample 3 with 3', and sample 6 with 6', we conclude that the covalent bonding of the primary dopants with the polymer matrix does not increase the light output. The data show that it might cause a slight decrease in the light output retained after irradiation and annealing. Note that the data for bound secondary dopants showed mixed results.
Since no large deleterious effects were seen with either bound primary or secondary dopants we can conclude that these reactive luminophores are suitable for use in diffusion enhanced systems where unbound luminophores might migrate out of the base plastic.
We have also investigated new polymer base epoxy resins and new fluorescent compounds containing functional groups which are able to react with these resins. Dyes with one or two glycidyl groups have been synthesized by treatment of hydroxy-or aminoderivatives of dyes with epichlorhydrin by the method of reference 3. An epoxy system has the advantage of yielding polymers of various chemical structures just by changing the epoxy monomers and curing agents. Moreover epoxy polymers are highly crosslinked networks. This characteristic may facilitate the use of larger amounts of diffusion enhancers without making the scintillator too soft.
Two types of epoxy resins have been used. One with an aromatic structure, the diglycidylether of bisphenol-A (DER 332), and one with cycloaliphatic structure, (ERL-4234). Scintillators were made by dissolving luminophores having one or two glycidyl groups (see table 5) in the epoxy resins and curing with trimethoxyboroxine or hexahydrophthalic anhydride (lIBPA). After curing, the luminophoric dopants should be covalently bound to the polymer matrix. The epoxy-epoxy reaction catalyzed by trimethoxyboroxine (TMBOX) produces more nearly colorless polymers.
A second method of introducing molecules of luminophores into polymer chains is to prereact epoxy resin with diaminoluminophores (table 5) by heating the mixture overnight at 110-120°C. From this process slightly yellow olygomers are usually obtained. Subsequently these olygomers are reacted with TMBOX (overnight at 90°C) or with lIBPA (5-20 days at 90°C). We have found that the reaction of epoxy groups with HHPA may be accelerated by benzimidazole derivatives used as secondary dopants (samples 3,4,11 in table 5).
Also in table 5 the composition and some properties of the resultant scintillators are shown. These scintillators contain 1.5% p-terphenyl as primary The highest light yield (54% in comparison with BC408, sample 3) was obtained from the diglycidyl ether of bisphenol A using TMBOX as curing agent, PTP as primary dopant, and a diglycidyl derivative of quaterphenyl and diphenylanthracene as secondary dopants. Epoxy systems with light yields of 70% of BC408 have been reported. 2 The epoxy polymers obtained from cycloaliphatic epoxy resins alone can not be used as scintillators because they have no aromatic links. To make scintillators from these epoxy polymers it is necessary to add large concentrations of naphthalene or other aromatic compounds. Table 6 gives the composition and some characteristics of scintillators obtained from cydoaliphatic resins. HHPA as curing agent and 5-15% of naphthalene have been used in the preparation of these epoxy scintillators. Table  6 shows that the light yield of these epoxy scintillators is lower than the light yield of epoxy scintillators obtained from aromatic epoxy resins (table 5) . We hope that the light yield of scintillators obtained from cycloaliphatic epoxy resins can be increased by increasing the concentration of naphthalene.
Two types of new scintillators obtained from modification of polystyrene and from epoxy polymers have been investigated in this work. The absorption, fluorescence and scintillation light yield characteristics before and after irradiation have been determined. 
